It is now widely suggested that people who are dependent on nicotine should switch from ordinary tobacco smoking to alternative products, which at least reduce the overall harm from smoking. A number of alternatives are now popular, including electronic cigarettes and heatsticks. In this work comparative analysis of the smoke/aerosol emission from 3R4F standard cigarettes and iQOS heatsticks was undertaken. For this, gas chromatography-mass spectrometry (GC-MS) analysis was applied, to measure the non-volatile compounds of smoke/aerosol emission from individual samples, with the specific aim to determine their content of nicotine and selected other main components. All measurement data were collected under the Health Canada Intense (HCI) puffing regime. The most relevant findings of the present investigation can be summarized as follows. First, the number of measured aerosol components in the iQOS samples, with respect to those of 3R4F samples, was significantly lower (notably 37 versus 12 components). Second, the analysis of the iQOS and 3R4F GC-MS chromatographic fingerprints indicated a non-nicotine global component reduction (number and areas excluding nicotine) of larger than 80% for the iQOS samples in comparison to 3R4F samples. Third, the nicotine content of the iQOS aerosol was less than half that contained in the 3R4F smoke. The results from the present investigation indicate that-except for nicotine-smokers are exposed to a largely reduced number and amount of non-volatile, non-nicotine components in the iQOS heatstick aerosol, in comparison to those in the 3R4F cigarette smoke.
Introduction
In 2007, the Royal College of Physicians RCP published a report, Harm reduction in nicotine addiction [1] , dedicated to harm-reduction strategies to tobacco dependence. In this report, it was argued that "as most of the harm caused by smoking arises not from nicotine but from other components of tobacco smoke, the health and life expectancy of today's smokers could be radically improved by encouraging as many as possible to switch to a smoke-free source of nicotine" [2] . This proposal initiates the so-called principle of Tobacco Harm Reduction (THR) [3] [4] [5] [6] , which nowadays constitutes an active health strategy to lower the individual's and society's health risk from using tobacco products (see for example [6] ).
Two of the most relevant alternatives to tobacco products, i.e. conventional combustion cigarettes, are: 1) the electronic nicotine delivery systems (ENDS), also called e-cigarettes-see e.g. [7] [8] for a general discussion of ENDS; [9] [10] for comparative studies of the effect of ENDS on active and passive smokers; or [11] [12] for general literature reviews; and 2) tobacco heated systems (THS) , also addressed as heat-not-burn tobacco products (HNB)-see e.g. [13] [14] for a general discussion of THS2.2 devices; [15] [16] for studies comparing the emission from THSs with that of ordinary cigarettes; or [17] [18] for modelling of aerosol formation in THSs and their analysis. Note that one of the THSs is commercially known as iQOS, which is the THS used in the present investigation.
While in ENDS an aerosol is produced; when a nicotine solution (usually in propylene glycol, glycol and water) is vaporized, in THS tobacco is heated, but not burnt. In both systems, the operating temperatures are of the order 300˚C -350˚C, i.e. substantially lower than those encountered for ordinary cigarettes (in the range 650˚C -900˚C). Therefore, the combustion process that generates the smoke with many toxic compounds is avoided. For example, Schaller et al. [13] [14] compared the chemical composition of THS aerosols with that of smoke from reference 3R4F cigarettes, finding an average reduction by over 90% in Harmful and Potentially Harmful Constituents (HPHCs).
Numerous independent studies have been carried out, focusing by and large on the comparison between the emission of a range of compounds from iQOS, e-cigarettes and conventional (combustion) cigarettes. These include studies aiming at the analysis of the general chemical composition of the emitted smoke/aerosol [19] [20] [21] ; the analysis for specific chemical compounds, such as e.g. nicotine or toxic compounds [22] [23] [24] ; assessing medical impact issues related to using any of the smoking products [25] [26] [27] ; and highlighting the advantages of iQOS with respect to conventional smoking, but also pointing out potential caveats [28] [29] [30] [31] . Overall, the majority of studies support the tobacco harm reduction (THR) in the uptake of "smoke" from heated or electronic cigarettes when compared to traditional tobacco smoke.
The main objectives of the present study were: 1) to measure the chroma-American Journal of Analytical Chemistry tographic fingerprints originating from the 3R4F cigarette and the HEETS heatstick (hereafter denoted as iQOS), allowing for a direct comparison between the main components of their smoke/aerosol; and 2) to determine the nicotine content of the 3R4F smoke and the iQOS aerosol, respectively. Note that, here we report only on the non-volatile compounds present in both types of cigarettes; a forthcoming study will focus on volatile compounds present in the same type of cigarettes.
Materials and Methods
The 3R4F and iQOS samples used in this study were provided by Philip Morris. All chemicals-nicotine standards, methanol, water, etc.-were purchased from Sigma-Aldrich.
In Figure 1 the experimental setup employed for the smoke and aerosol collection is illustrated. The basic "smoking machine" follows the well-established methodology based on liquid traps (see for example [6] ) and consists of 1) one or two liquid traps, depending on the experimental conditions; 2) a programmable flowmeter; and 3) a vacuum system. In a typical run, the flowmeter setting was adjusted to the desired flow rate, with the vacuum pump on, using a conventional cigarette. Subsequently, for the puffing regime appropriate values were set and measurement runs were initiated, each time using a new volume of liquid in the trap and a new cigarette sample, either the 3R4F or the heatstick.
All measurements taken during the present investigation were implemented under the Health Canada Intense (HCl) puffing regime [32] , i.e. the puff time and volume were 2 s and 55 mL, respectively, with a time interval of 30 s between successive puffs. Although the solvent and volume employed in the liquid traps obviously depend on the analyte to be determined, for the nicotine quantification and GC-MS measurements (see further below) a total volume of 100 mL of methanol in only one trap proved to be enough to produce accurate, quantitative results. This trapping protocol was selected after several trial-and-error determinations to ensure that the use of one trap and 100 mL volume guaranteed the total collection of the nicotine present in the aerosol; notably, the use of a larger volume in the same, or additional trap(s), hardly changed the total nicotine collection. It should be noted that the use of other trapping elements like, for example, solid filters to collect volatile compounds [23] was not considered because in the present investigation we wished to focus on the presence of non-volatile compounds. It should be pointed out that methanol may also trap some volatile compounds. However, under the experimental conditions of the present investigation, their chromatogram peaks will overlap with that of the methanol solvent. The study and comparison of volatile compounds will be the subject of a forthcoming paper.
Results and Discussion

GC-MS Analysis of the 3R4F and iQOS Samples
In this section chromatograms for both 3R4F and iQOS are presented. The data correspond to smoke or aerosol collection from three samples for each the iQOS and 3R4F specimen, averaged over ten repeat measurements. Figure 2 shows a comparison between the two chromatograms in which an offset of 0.2 has been introduced for clarity. Before a detailed description of the results it is worth noting that cigarette smoke is a complex mixture, which contains more than 6000 chemicals [33] ; consequently, no single method could The annotated peaks correspond to stable species whose identification was carried out by comparing the measured mass spectrum for every GC component at a given retention time-denoted as target spectrum-with those available from the NIST library incorporated in the GC-MS software. Typically, the software selects as best candidate the one whose library fragmentation pattern shows the highest degree of similarity with that of measured one.
A closer inspection of the peak intensity distribution reveals two significant differences between the two chromatograms.
First, many peaks in the iQOS spectrum are absent, in comparison to that of 3R4F. While for the reference 3R4F cigarette one counts as many as 37, in the iQOS sample this number reduces to no more than 12 (above the noise level of these measurements).
Second, a significant reduction in amplitude is observed for most peaks still present-as for example those of nicotine, d-limonene (shown to have very low toxicity in humans), or tetracin (normally not deemed to be toxic), to cite the most dominant in the GC spectrum.
Third, many peaks present in the 3R4F sample-like 1-Phenyl-2-propanone, also known as phenylacetone, and benzodioxol (both classified as toxic on inhalation); ethylbenzene (thought to be carcinogenic); p-xylene (potentially causing lung damage); or some cyclohexane derivatives (thought to be of low toxicity)-are absent (or present below the noise limit) in the iOQS aerosol.
Sample Assessment Based on Peak-Area Distribution
The reduction of the number of components in the iQOS aerosol compared to those of the 3R4F smoke can also be seen in a more pictorial manner by inspecting the histogram plots in which the peak-area distributions of said components are shown as a function of the retention time for both samples (see Figure 3 ).
An overall reduction of both the number and concentration of compounds was observed. In a semi-quantitative manner, the total reduction fraction (TRF) was estimated to be ( ) ( ) (also including volatile compounds) one could obtain a fully quantitative meaning for such indicator.
The low value of NNTRF, i.e. the strong reduction of non-nicotine compounds observed in the iQOS aerosol compared with that of 3R4F smoke can be explained by the distinct reaction mechanisms responsible for their production in both systems. In fact, in the 3R4F cigarette the smoke is produced by the tobacco combustion at about 850˚C -900˚C, a "chemical scenario" in which not only many radical reactions are present but, in addition, their reaction rates are thermally activated due to the high temperature. In contrast, the iQOS aerosol produced by the tobacco heating to only about 350˚C, without combustion, is characterised by the absence of many radical reactions and by lower reaction rates of the reactive species still present, associated with the much lower temperature of the (gaseous) aerosol mixture.
Nicotine Content in the Smoke/Aerosol Samples
A nicotine calibration curve was obtained by measuring the peak area from twelve standard nicotine solutions ranging from 40 mg/L up to 200 mg/L. A good linear correlation was found with a R 2 = 0.998.
Using this calibration, Table 1 lists the nicotine content of the 3R4F cigarette and iQOS heatstick samples, respectively. The data are expressed as the mean value of three measurements for each sample at 95% confidence level.
M. P. Ibañez et al. Our result for the 3R4F specimen is compared to the value reported by Schaller et al. [14] ; the two values are in satisfactory agreement with each other.
The result for the iQOS specimen suggests a reduction of ~51% in the nicotine content in comparison to that of 3R4F.
Conclusions
The most relevant conclusions that can be drawn from the present study are as following. First, the experimental conditions under which the present investigations were carried out, coupled with the part-per-billion (ppb) sensitivity of the GC-MS equipment used here, allow one to identify many (non-volatile) compounds, many of which are present at only ultra-low concentrations in the cigarette smoke/aerosol. Second, the non-nicotine composition-profile of the iQOS aerosol appears to be significantly simpler than that of 3R4F smoke-a total of 37 compounds are seen for the 3R4F specimen, a number of which reduces to 12 for the iQOS aerosol. Third, the comparison between the iQOS and 3R4F GC-MS chromatographic fingerprints indicates that the global component reduction (number and areas excluding nicotine) is 85%; i.e. the non-nicotine iQOS global content is only 15% of that of 3R4F.
Hence, except for nicotine, one may conclude that potentially the smoke from the 3R4F cigarette and the aerosol from iQOS might affect smokers-as well as passive smokers-differently, in terms of exposure to non-nicotine components.
Of course, the effects of volatile compounds, not covered in this study, need yet to be considered.
As a final point it is noteworthy that the nicotine content of the iQOS aerosol is just half that of the nicotine contained in the 3R4F smoke. Work is now in progress in our laboratory to extend this type of investigation not only to the analysis of volatile compounds but also to a wider range of new tobacco products presently available on the market.
